Charmonium possibility of X(3872) 
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Properties of Regge trajectories for charmonium are studied. Possible interpretations and their 
implications to newly observed X(3872) are examined. It is found that the mass of X(3872) is 
consistent with the 1 ++ 2 3 Pi and the 2 h l 1 D2 charmonium states. 

PACS numbers: 11.55.Jy, 12.39.-x, 12.39.Pn, 14.40.Gx, 14.40.Nn 
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I. INTRODUCTION 

Recently some new charmonium or charmonium-likc 
states, such as A(3872) [J 0, i, i, i], Y73940) @, 
A(3940) 0], V(4260) [| Q and Z(3930) [lflj were ob- 
served. Z(3930) was pinned down as the Xc2(2p) in 2006 
PDG 11], while others have not been identified. Among 
these new states, A (3872) has drawn people's great in- 
terest for its peculiar decay properties. A (3872) was first 
observed by Belle [l[ in exclusive B decays, 



B ± -> A ± X(3872), A(3872) -> tt + tt-J/^. 



(1) 



Subsequently it was confirmed by CDF 00], DO [J and 
BaBar [|. The mass of this state is M = 3871.2 ± 0.5 
MeV and the width T < 2.3 MeV(0.9 C.L.). The mass is 
within errors at the D°D*° threshold, but the width is 
small. 

To accommodate A"(3872) in hadron spectroscopy, 
considerable speculations and plenty of interpretations 
were proposed. There are conventional cc charmonium 
assignments 0,0 013 EiUPJiS J±jl JI 
molecule state interpretations 



tetraquark state interpretations 



122, 123, 12J 
hybrid interpreta- 



tions I12L 1271 o r mixing states interpretations among 

them Qiiabai. 

Features of hadron were mainly exhibited through its 
production and decay properties. Four decay modes 
of A(3872) have already been observed. A(3872) -> 
J/vjp Q and A(3872) -> J/ipu [H EH were observed 
by Belle, A(3872) -> 7 J/^ was observed by Belle [H| 
and BaB ar l32l| . Recently, B — ► D D tt°K was observed 
by Belle \0i 

Possible J PC of A (3872) have been suggested through 
these decay modes. The observation of A (3872) — ► jJ/ifj 
indicates that its C = +. Analysis of angular distribution 
in A(3872) -> J/tpp favors its J PC = 1++ [34]. This 
assignment is also supported by the observation B — > 
D D tt°K [33- However, some analyses suggest that 
both 1++ and 2"+ are possible 0E3- 

As for the nature of A(3872), none of the speculations 
is favored. In the discovery mode observed by Belle [l|, 
A (3872) was naturally expected to be the 1 ++ 2 3 Pi or 
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the 2 ^ 1 1 D2 charmonium state due to its decay final 
states. However, there are difficulties in the charmonium 
explanations. A(3872) seems not match any predicted 
charmonium state for its lower mass, narrower width and 
puzzling decay properties. The upper limit for the radia- 
tive transition A (3872) — > 7Xci set by Belle [1[ makes 
it difficult to identify A (3872) with any charmonium 
state. The simultaneous decay of X(3872) to J/tpp [H 
and J I tpuj [3(1 EH with roughly equal branching ratios is 
a strong implication of the "molecule" state assignment 
for A(3872) [HEl]. 

If A(3872) is a "molecule" or tetraquark state, there 
are also difficulties. The observed branching fraction 
of A (3872) -> jj/tp HI E3 is much lar S er than the- 
oretically predicted one for molecule states [24[. In 
particular, if the near-threshold enhancement in B — > 
D D°tt°K 13 is due to A(3872), this mode has a 
branching ratio 9.4+4 3 times larger than B(B + — > 
A(3872)A+) x B(A(3872) -> J/^tt+tt-). This mode 
appears to be dominant and the branching ratio is much 
larger than the predicted one in the molecule model. 

So far, there is no compelling evidence to confirm one 
interpretation or to exclude one interpretation, more de- 
cay modes have to be searched and studied. Recently, the 
radiative A — > DDj decay mode was suggested [H, E3 ■ 

In the charmonium explanation of A (3872), one dif- 
ficulty is its lower mass. In quark models, 1 ++ 2 3 Pi 
was expected to have mass ~ 3953 MeV in Ref. [13 and 
~ 3929 MeV in Ref. [13 ■ In general, features of char- 
monium are described well by quark models (where the 
quark dynamics was assumed) |40j. In lattice, the spec- 
trum of charmonium was computed also [4l| . However, 
the exact quark dynamics in hadron is not very clear, 
and lattice results may be improved. Whether A (3872) 
really has the lower mass difficulty requires more phe- 
nomenological examinations. 

Recently, charmonium spectrum were analyzed in 
terms of Regge trajectory theory [42|, S3- However, the 
analyses were not complete for limited experimental in- 
formation at that time. With more experimental infor- 
mation in hand (the J PC of A (3872) is believed to be 
1 ++ or 2 at present time), we can continue a further 
exploration of the charmonium possibility of A (3872) 
and its implication through its mass relations with other 
charmonium states in this Letter. 
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II. REGGE TRAJECTORY AND HYPERFINE 
SPLITTING OF CHARMONIUM 

Reggge trajectory [44],[45| is an important phenomeno- 
logical way to describe the masses relations among dif- 
ferent hadrons. There is resurgent interest in Regge the- 
ory for much more accumulated experimental data. Fur- 
thermore, some quark models need more complete ex- 
perimental fits for testing [46[. Regge trajectories are 
some graphs of the total quantum numbers J versus mass 
squared M 2 over a set of particles which have fixed prin- 
ciple quantum number n, isospin J, dimensionality of the 
symmetry group D and flavors. A Chew-Frautschi Regge 
trajectory is a line: 

J(M 2 ) = a(0) + a'M 2 , (2) 

where intercept a(0) and slope a' depend weakly on the 
flavor content of the states lying on corresponding trajec- 
tory. For light quark mesons, a' w 0.9 GeV~ 2 . Different 
Regge trajectories are approximately parallel. 

It is found that the linearity and parallelism of Regge 
trajectories with neighborhood mesons stepped by 1 in 
J with opposite PC holds not well [H \M, El- The 
intrinsic quark-gluon dynamics may result in large non- 
linearity and non-parallelism of such Regge trajectories. 
However, The linearity and parallelism of Regge trajec- 
tories with neighborhood mesons stepped by 2 in J with 
the same PC is found to hold well [5(J |. 

In addition to these properties of the Regge trajecto- 
ries with the same principle quantum number n, another 
relation for Regge trajectories with different n was as- 
sumed. It was argued that the parallelism of Regge tra- 
jectories with different n (others are identical) may hold 
because of the similar dynamics in hadron [46j . Whether 
this parallelism of Regge trajectory holds has not been 
tested for the lack of data. 

For radial excited light qq mesons, there exist relations 
between their masses and principle quantum numbers n. 
These mesons consist of another kind of trajectory on 
(n, M 2 )-plots [10] 

M 2 = Af 2 + (n-l)/^ 2 , (3) 

where /i 2 is the slope parameter(approximately the same 
for all trajectories). 

Hyperfine (spin-triplet and spin-singlet) splitting re- 
lation is another important mass relation among 
hadrons. In many potential models (5ll . l52l . [53|, the S- 
wave hyperfine (spin-triplet and spin-singlet) splitting, 
AM hf (nS) = M(n 3 Si) - M(n 1 5 ), is predicted to be 
finite, while other hyperfine splitting of P-wave or higher 
L-state is expected to be zero: 

AM hf {lP) =< M(l 3 P,) > -M{l x P x ) w 0, (4) 
AM hf (lD) =< M{l 3 Dj) > -M(1 1 D 2 ) « 0, 

where the deviation from zero is no more than a few 
MeV. Though these predictions are model dependent, 



the masses relation of the IP charmonium multiplet has 
been proved to hold in a high degree accuracy . These 
hyperfine splitting relations of the IP, ID and 2D mul- 
tiplets will be used as facts (or assumptions). 

These mass relations will be studied or used to explore 
the charmonium spectrum. The paper is organized as 
follows. In the third section, in terms of the experimen- 
tal data, all the properties of possible Regge trajecto- 
ries for the charmonium are studied, and an updated 
phenomenological analysis is made to the new states. 
Subsequently, the linearity and parallelism of Regge tra- 
jectories with neighborhood mesons stepped by 2 in J 
is combined with the hyperfine splitting relations of D- 
wave multiplets to examine some possible charmonium 
arrangements to A(3872). Then we analyze A(3872) 
through the observed trajectory property on (n, M 2 )- 
plots. Some conclusions and discussions are given in the 
last section. 

III. cc POSSIBILITY OF X(3872) 

In constituent quark model, qq mesons could be 
marked by their quantum numbers, n 2S+1 Lj, and the 
quantum numbers PC of quarkonia are determined by 
P = (-l) i+1 and C = (-1) L+S . With the most new 
data for charmonium mesons [ll| , we get table HI In this 
table, the observed states are listed in the first volume, 
experimentally confirmed or favorable theoretical assign- 
ment of J PC \ n 2S+1 Lj and masses to these states are put 
in the sequential three volumes. Entries in the last vol- 
ume are information from PDG, and the states marked 
with a "?" are those not confirmed or omitted from the 
summary table. 

With this table in hand, we can construct different 
possible Regge trajectories, study their properties, and 
proceed with our analysis of A" (3872). 

As we know, confirmed states in each group below con- 
struct a trajectory 

0-+(l 1 5 ), l+'^Pi) 
0++(l 3 P ), 1 — (l 3 Pi), 

respectively. 

This two trajectories is shown in Fig.l. In the figure, 
the slope of line 1 is 2.558 GeV 2 , the slope of line 2 is 
3.552 GeV 2 . It's obvious that the two trajectories are not 
parallel. Once the parallelism of this two trajectories is 
assumed, a large deviation (e.g., -0(3770) has 0.130 GeV 
deviation from the "ideal" l" 1 (l 1 Pi) state) would ap- 
pear. 

Another two trajectories with different n are con- 
structed by J/ip(lS), Xc2(lP) and radial excited ■0(25'), 
Xc2(2P), respectively, 

1"" l 3 Si, 2++ 1 3 P 2 
1"" 2 3 S"i, 2++ 2 3 P 2 . 

This two trajectories is shown in Fig. 2. In Fig. 2, the 
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States J PC n 2S+1 Lj Mass(MeV) Note 

Vc(lS) 0~+ l'So 2980.4 PDG 

7] C {2S) 0"+ 2 1 5 3638 ±4 QN are predictions 

?7c(3g) Q-+ 3^0 ? ? 

J/4>(IS) 1— l a 5i 30961) PDG 

ip(2S) 1— 2 3 5'i 3686.1 PDG 

V»(4040) 1~ S 3 ^! 4039 ±1 PDG 

V>(4415) I"" 4 3 5i 4421 ±4 PDG 

Xco(lP) 0++ 1 3 P 34TX8 PDG 

Xc q(2P) 0++ 2 3 P ? ? 

Xci(lP) 1 ++ 1 3 A 35107 PDG 

Xci(2P) 1++ 2 3 P! ? ? 

/ic(lP) 1+- l L Pi 35251) PDG (?, J^°' =?'■") 

ft e (2P) 1+- 2 x Pi ? ? 

X c2 (lP) 2++ 1 3 P 2 3556.2 PDG 

X c2 (2P) 2++ 2 3 P 2 3929 ±5±2 PDG 

^(3770) I'- l 3 L»i 3771.1 PDG 

^(4160) 1"" 2 3 L>i 4153 ±3 PDG 

? 1" 3 3 £>i ? ? 

? 2~~ 1 3 P> 2 ? ? 

? 2~~ 2 3 P> 2 ? ? 

? 2"+ l 1 ^ ? ? 

? 2~+ 2 1 _P 2 ? ? 

? 3"" 1 3 P> 3 ? ? 

? 3" 2 3 P> 3 ? ? 

A (3872) ? Y+ ? 3871.2 PDG 

F(3940) ? ?? ? 3943 ± 11 ± 13 PDG (?) 

y(4260) 1" ? 4259 ± 8lg PDG (?) 



TABLE I: Spectrum of charmonium. 
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FIG. 1: Existed trajectories of charmonium singlet and triplet 
with n = 1. 
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FIG. 2: Existed trajectories of Charmonium triplets with n = 
1 and n — 2. 

slope of line 1 is 1.850 GeV 2 , the slope of line 2 is 
3.054 GeV 2 . The discrimination of this two slopes is ob- 
vious, two trajectories are not parallel. The deviation of 
Xc2(2P) from the "ideal" 2++ 2 3 P 2 is about 0.150 GeV. 
Obviously, the assumption in Ref. [46| that the paral- 
lelism of Regge trajectories with different n may hold 
works not well for charmonium. In fact, even though 
the dynamics in hadrons with different n is similar, the 
parallelism cannot be deduced directly. 

In short, trajectories of charmonium in (M 2 , J)-plots 
with neighborhood mesons stepped by 1 in J are really 
not parallel, and they "fan in" [40|. Therefore, the use of 
the parallelism of these trajectories to predict new states 
is not reliable if the deviations are unknown. 

There exist other Regge trajectories with neighbor- 
hood charmonium stepped by 2 in J. According to 
Ref. the linearity and parallelism of this kind of 

Regge trajectories was found to hold well. This feature 
of Regge trajectories for charmonium has not been tested 
for the lack of experimental data, it could not give more 
predictions either if this feature is used separately. How- 
ever, once it is combined with the hyperfine splitting rela- 
tion in a multiplet, the 2 h (1 1 Z?2 or 2 1 £>2) charmonium 
possibility of A (3872) could be examined. 

Firstly, let us examine the 2 h l 1 !^ possibility of 
A (3872). In theory, states below construct two Regge 
trajectories 

0-+ 1% 2-+ l l D 2 , 

\— l 3 ^!, 3"" 1 3 A3- 

In this two trajectories, the h l 1 ^ and the 1 l 3 Si 
are confirmed states, while the 2 h 1 1 Z?2 and the 
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3 — 1 3 L> 3 have not been fixed on. If X(3872) is the 
2~+ \ X D 2 state, the mass of the 3 — 1 3 D 3 (M) can be 
derived in terms of the approximate parallelism relation 



3.871 2 - 2.980 2 = M 2 



3.097 2 



(5) 



with M = 3.962 GeV. In the meantime, the mass of 
the 2~~ 1 3 D 2 can be obtained due to zero of hyperfme 
splitting of the ID charmonium multiplet. The mass of 
the 2 1 3 D 2 (M 2 ) is determined by 



3.871 = 



3 x 3.771 + 5M 2 + 7 x 3.962 
15 



(6) 



with M 2 — 3.804 GeV, where the spin average is implied. 
Therefore, the ID multiplet is pitched down as follows 



l 3 £>i 
3.771 



l 3 D 2 
3.804 



l l D 2 
3.871 



l 3 D 3 
3.962 GeV. 



The mass of II? spin triplets increases with the increase 
of J, and the whole mass sequence is reasonable. This 
analysis implies that the 2 ^ l 1 D 2 charmonium arrange- 
ment of V(3872) is compatible with the ordinary mass 
relation in a multiplet. Furthermore, the analysis indi- 
cates that the 1 3 D 2 is located around 3.804 GeV and the 
1 3 D 3 is located around 3.962 GeV. 

The 2 h 2 1 D 2 assignments of V(3872) could be ana- 
lyzed in a similar way. In this case, two trajectories are 
consisted of 



0-+ 2 1 S , 
1"" 2 3 S 1 , 



2- 



2 l D 2 , 
2 3 D 3 , 



respectively. In this two trajectories, the + 2 1 Sq and 
the 1 2 3 Si are confirmed states, while the 2 h 2 1 D 2 
and the 3 — 2 3 P> 3 have not been fixed on. If V(3872) 
is the 2~+ 2 1 D 2 state, the mass of 3 — 2 3 D 3 (M) is 
determined by 



M - 3.686 2 = 3.871 2 - 3.638 2 



(7) 



with M = 3.916 GeV. Once the mass of the 3 — 2 3 L> 3 is 
known, the mass of the 2 2 3 £>2 (-^l) is obtained due 
to zero of hyperfme splitting of the 2D charmonium 



3.871 



3 x 4.153 + 5Mi + 7 x 3.916 
15 



(8) 



with Mi = 3.639 GeV. 

The 2D spectum are therefore determined as follows 



2 3 D U 
4.153, 



2 3 A> 



2 3 P>, 



'2, 2^2, 

3.639, 3.871, 3.916. 

Obviously, the spectrum is exotic (M(2 3 D 1 ) > 
M(2 3 D 3 )). That's to say, the 2"+ 2 1 P> 2 charmonium 
arrangement of X(3872) seems impossible. 
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FIG. 3: Existed trajectories on (M , ra)-plots for 3 Si, P2 and 
3 D\ charmonium. 



Now, let us study the parallelism of charmonium on 
(M 2 , n)-plots. From tabled, states in each group below 
construct a trajectory on (M 2 , n)-plots, 





2 3 Si, 


1 3 P 2 , 


2 3 P 2 , 


l 3 £>i, 


2 3 D 1 



3 3 Si, 4 3 S 1 , 



respectively. 

This three Regge trajectories on (M 2 ,n)-plots is dis- 
played in Fig. 3. In the figure, the slope of line 1 is 
3.259 GeV 2 , the slope of line 2 is 2.792 GeV 2 and the 
slope of line 3 is 3.027 GeV 2 . It's clear that the dif- 
ference of the slopes to this three trajectories is small. 
These trajectories are approximately parallel. In terms 
of this approximate parallelism of Regge trajectories on 
(M 2 ,n)-plots, some charmonium assignments to newly 
observed states could be examined. 

As mentioned in the introduction, X(3872) may be the 
1++ 2 3 Pi candidate. F(3940) may be the 2 3 P [H or 
the candidate. If J£ (3872) is the 1++ 2 3 Pi and 
V(3940) is the 0++ 2 3 P 0], states in each group below 
will construct a trajectory on (M 2 , n)-plots: 



4 3 5 l7 



1 3 5 15 


2 3 Si, 


1 3 P 2 , 


2 3 P 2 , 


l 3 D l7 


2 3 Di 


i 3 P 1; 


2 3 Pi, 


l 3 Po, 


2 3 P 



This five trajectories is plotted in Fig. 4. If the assign- 
ments to these states are correct, five Regge trajectories 
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FIG. 4: Possible trajectories on (M 2 , n)-plots for the 3 Si, 
3 P 2 , 3 Di, 3 P and 3 Pi charmonium. 



should be approximately parallel due to previous argu- 
ments. 

The slope of line 1 is 3.259 GeV 2 , the slope of line 
2 is 2.792 GeV 2 , the slope of line 3 is 3.027 GeV 2 , the 
slope of line 4 is 2.665 GeV 2 , and the slope of line 5 is 
3.861 GeV 2 . In this figure, it is easy to observe that the 
trajectory 5 (with Y"(3940) involved) intersects with tra- 
jectories 2 and 4, while the trajectory 4 (with A (3872) 
involved) approximately parallels trajectories 1, 2 and 3. 
From these observations, it is reasonable to conclude that 
the 1 ++ 2 3 Pi charmonium suggestion for A (3872) does 
not contradict with possible mass relations in charmo- 
nium. As a byproduct, the 2 3 Pq charmonium assignment 
of F(3940) seems impossible. 

A (3872) may be a four-quark state ([cqllc ql te traquark 
state or molecule state) (HUl H3, 0, GSl, IS] , but the 
four-quark state possibility of A (3872) will not be stud- 
ied here. Four-quark states have been extensively stud- 
ied for a long time [H M, HE HE M, M, M, H, M, 
El, [sH, [U [65| , unfortunately, their properties especially 
their dynamics and decay properties are still unfamil- 



iar. So far, many states such as Jo (600) (or a), / (980), 
a (980), the unconfirmed /c(800), D%j{2^lT^, A (3872), 
Y"(4260), A(1835) and X (1812) 0, M, El have once 
been interpreted as four-quark state, but no one has been 
confirmed. 



IV. CONCLUSIONS AND DISCUSSIONS 

The nature of A (3872) is still unclear. In addition 
to its J PC (1 ++ or 2 h ), whether it is a charmonium 
state or an exotic state is still uncertain. Instead of 
the production and decay properties, some mass rela- 
tions of A (3872) are studied in the charmonium assign- 
ments. Through these relations and some phenomcnolog- 
ical analyses, some assignments of A (3872) are examined. 

If A(3872) is a 2"+ state, it may be the 2~+ l l D 2 
charmonium state while is unlikely to be the 2 h 2 1 L>2 
charmonium state. If it is really the 2 ^ \ x Di char- 
monium state, the whole ID multiplet is pitched down 
with the 1 3 L> 2 located around 3.804 GeV and the 1 3 D 3 
located around 3.962 GeV. 

If X(3872) is a 1++ state, it may be the 1++ 2 3 P 1 
charmonium. As a byproduct, it is found that F(3940) 
is unlikely to be the ++ 2 3 Pq charmonium. 

So far, the study of four-quark state and the study of 
meson near thresholds are not satisfactory. Four-quark 
state is usually invoked to explain the special decay prop- 
erties of newly observed states, which in fact may be ex- 
plained also without four-quark state (68|. Only when 
the properties of four-quark state are definitely clear, the 
four-quark state explanation of newly observed state will 
be satisfactory. 

Of course, some properties in our analyses may not 
have firm foundation. The linearity and parallelism of 
Regge trajectories with neighborhood mesons stepped by 
2 in J may be questionable (the deviations may be rel- 
evant to the spin-dependent interactions in quark mod- 
els), however, the analyses here provide a complementary 
study of A (3872). These properties could be tested by 
more forthcoming experimental data and may give hints 
to the quark dynamics in hadron. 
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